Abstract The role of the ammonium cation on the reversible electrochemistry of Prussian Blue thin films was analyzed through in situ combination of three different impedance techniques. Electrochemical impedance spectroscopy provides information on the electron transfer. Mass impedance spectroscopy allows the exchange of free water, ammonium, and proton ions to be elucidated. Color impedance spectroscopy provides the kinetics of electrochromic changes of Prussian Blue structure (main backbone structure, ferrocyanide vacancies, and trapped structures). The simultaneous measurement of the three impedances gives detailed information on the mechanism of the whole process, specifically one faster and two slower, which have been identified during the electrochemical reactions of Prussian Blue films in NH 4 Cl acidic solutions.
Introduction
Prussian Blue (PB, ferric ferrocyanide) is a well-known inorganic electrochromic compound which can easily be electrodeposited on various types of electrode substrates [1, 2] . The good stability of PB films and other metal ferrocyanide analogs makes these materials the subject of many electrochemical studies and many interesting technological applications going from sensors to batteries [3, 4] .
In particular, PB films freshly electrodeposited from equimolar solutions of K 3 Fe(CN) 6 and FeCl 3 correspond to the mixed valence form of Fe III 
/Fe
II [5, 6] . The oxidation state of PB can finely be controlled by an external source of potential. The films can be reduced to the colorless Everitt's salt form (ES, Fe . These electrochemical reactions involve the exchange of counterions to keep the electroneutrality of the films during the charge balance processes [7, 8] . Predominantly, electrogravimetric studies have proved that this balance takes place by cation exchanges [9, 10] .
Initially, the structure of freshly prepared PB films has been described as a K + free structure and therefore, a direct PB oxidation to form PY films results in the structure breakdown of the films [11] . However, if freshly prepared PB films were previously cycled around the PB⇄ ESsystem by cyclic voltammetry, K + cations occupy key position in the inner structure of PB and then, the oxidation to the PY form can take place without destruction of the films [5, 7, [12] [13] [14] . Once PB films are stabilized in acid KCl solutions by cyclic voltammetry, the voltammetric peaks of the PB⇄ ES system appear to be stable after hundred and even thousands of cycles [15] . In recent papers [13, 14] , the stable PB structure has been described as . The PB⇄ ES system has been studied by mass impedance spectroscopy, and the role of potassium cations has been elucidated [9, 16, 17] :
On the contrary, the PB⇄ PY system is not perfectly described and the participation of counterions is more complicated. The structure change can hinder the exchange of cations during this redox process. Previously, this process was described with the exclusive participation of anions as counterions [2] . However, electrogravimetric results showed a decrease of mass during the oxidation of PB to the PY form, and an increase of the mass during the reverse reaction (PY→ PB) indicating the participation of cations [10] . According to the structure proposed here, there are only two K + cations for three Fe 2+ sites. This means that there are not enough cations within the PB film to be expelled during the balance of the electric charge associated to the oxidation of the three iron atoms per unit cell. Thus, the participation of another cation (hydronium) or anion is necessary during the PB→PY process. As a consequence, the PB⇄ PY system shows a low electrochemical response. Recently, a possible reaction scheme for the PB⇄ PYsystem has been proposed involving both cations and anions [14] :
After a voltammetric stabilization in KCl acid solution, the counter ions, which participate during the electrochemical reactions of the PB films, can be exchanged using different bathing solutions [7, 18, 19] . In the case of NH 4 + cations, voltammograms show two well-defined voltammetric peaks, but the anodic peak appears wider and smaller than that observed in the case of K + transfer. Another interesting difference is observed during the oxidation process (PB⇄PY), where the voltammetric peaks appear much smaller than the ones observed in the presence of K + cations [18, 19] . Thus, NH 4 + should play an important role during these electrochemical processes. The aim of this paper is to elucidate the role of NH 4 + during the electrochemical processes of PB films in a 0.5 M NH 4 Cl acid solution. For that, the PB⇄ES system was investigated by impedance spectroscopy. Today, impedance spectroscopy can be used to study any analogic signals susceptible to be sinusoidally modulated and properly analyzed by a frequency response analyzer. Through a perusal of the literature, one can find studies of the conducting films by color impedance spectroscopy (CIS) [20] [21] [22] [23] [24] [25] , mass impedance spectroscopy (MIS) (the ac-electrogravimetry) [9, [26] [27] [28] [29] [30] , or both of them together with electrochemical impedance spectroscopy (EIS) [16, 17, 31, 32] . The coupling of various impedance data has proved to be of special interest for studying the electrochemical response of conducting films. The electron transfer, counterions exchange, and color changes which take place during the electrochemical reaction of conducting films can be deconvoluted from the global response by their time constant to obtain kinetic information [9, 33, 34] . Here, the in situ combination of electrochemical impedance spectroscopy (EIS), MIS, and CIS was used to study PB films at two characteristic wavelengths (690 and 900 nm).
Experimental
Following the procedure described by Itaya et al. [2] , PB was deposited from 0.02 M K 3 (Fe(CN) 6 The experimental set-up and equipment required to simultaneously obtain the three impedance data have been described extensively in a previous work [32] . A PAR 263A galvanostat-potentiostat (Float and 98 options installed) together with a four-channel frequency response analyzer Solartron 1254 were used. A quartz crystal microbalance built at UMR 8235, CNRS (Paris, France), and a modified Vis-NIR spectrometer Spectronic 20+ with a silicon PIN photodiode OSD 100-6 (Centronic) were used to measure the mass impedance as Δm/ΔE(ω) transfer function and the color impedance as ΔA λ /ΔE(ω) transfer function, respectively. The impedance data are recorded in the frequency range from 10 to 0.01 Hz, with 5 points per decade. The amplitude of the potential perturbation was 25 mV rms.
The fitting of experimental data to the theoretical models was made by means of a Levenberg-Marquardt optimization routine implemented in Mathcad® software, version 14 (PTC).
Results and discussion of PB to the ES under these experimental conditions can be described by the following simplified reaction scheme:
Previous spectroelectrochemical studies of PB films in KClsolutions have shown that changes of absorbance at wavelengths close to 690 nm could be associated to an electronic transfer between low spin Fe II (Fe ls
II
) and high spin iron sites (Fe hs III ) in the Fe ls II −CN−Fe hs III structure [16] . The redox processes associated to the Fe hs III is the most of electrochemical response observed in the PB⇄ES system. This was attributed to the size changes in channel radii of the Prussian blue which inhibits the Fe ls II system [35, 36] . However, electrogravimetric and spectroelectrochemical studies have shown that the voltammetric peaks in PB films is a combination of three different electrochemical processes [8, 16, 17] . Thus, changes around 900 nm have been associated to at least three different processes [17] : (i) a forbidden transition also associated to the transition at 690 nm, (ii) an electrochemical process of Fe III sites near the ferrocyanide vacancies in the PB structure, and (iii) an electrochemical process associated to the structure Fe ls III −CN−Fe hs II (trapping) in the PB structure. These electrochemical processes take place by the participation of different counterions in KCl solutions [7, 8] . Figure 2 shows the complete electrochromic information of PB in the visible and near infrared region expressed as absorbance time-derivative, dA λ /dt, between 450 and 950 nm during a voltammetric experiment where the PB⇄ ES process occurs in a NH 4 Cl solution. The solid and dotted lines of the contour plot represent positive and negative regions of dA λ /dt, respectively. The results are qualitatively similar to that obtained in the literature for PB films in KCl solutions where a decrease of absorbance is observed during the reduction of PB and an increase of absorbance takes place during the oxidation to ES [14, 37] . As it can be seen, the maximum positive and negative changes of absorbance close to 690 nm agree with the voltammetric peaks. However, the maximum positive and negative dA λ /dt close to 900 nm are slightly displaced due to the overlapped processes: the maximum negative is reached after the cathodic peak and the maximum positive is before the anodic peak considering the potential scan direction. Therefore, 690 and 900 nm are also characteristic wavelengths in NH 4 Cl solutions. Figure 3 shows an example of EIS, MIS, and CIS at both characteristic wavelengths and at a potential of 0.2 V. Electrochemical impedance spectra as Δq/ΔE appears as two loops in the first quadrant indicating that at least two ions are involved in the electrochemical process (Fig. 3a) . Therefore, the electrochemical reactions of PB films in NH 4 Cl solution prove more complicated than the simplistic reaction showed in Eq. (3) . At this potential and as it occurs in KCl solutions, a major response as one loop on the third quadrant for the mass impedance data proving the main participation of cations as counterions is observed (Fig. 3b) . However, in this case, a low frequencies contribution on the fourth quadrant is also shown. Color impedance loops appear in the first quadrant at 690 nm ( Fig. 3c ) and at 900 nm (Fig. 3d) since the absorptivity for the oxidized form of the films proves to be larger. However, compared with EIS, MIS, and CIS in KCl solutions at that potential, the first difference is that these responses appear as two loops and they are flattened [16] . This non-ideal shape of these loops may be attributed to different reasons. One of the possibilities is that these flattened loops are the result of the overlapping of more than one ideal loop. There are other possible reasons such as a non-uniform electrode surface causing a potential distribution on the electrode surface. Another unexplored possibility is the non-reversible character of the electrochemical processes around the PB⇄ES system in solutions containing NH 4 + cations. If the voltammogram corresponding this redox process in a NH 4 Cl solution in Fig. 1 was examined carefully, one can observe that the redox peaks appear less symmetric than that in the case of KCl solutions. NH 4 + cations could be easier inserted during the reduction reaction than expulsed during the oxidation reaction.
The interpretation of experimental data provided by impedance techniques requires an examination of a kinetic model. In our case, an insertion model is used where the insertion/ expulsion of species into the film controls the overall rate of the electrochemical process. The rate of transport related to the counterions, through the film, is characterized by the time constant parameter τ [9, 30, 38] . The change of flux of the specie i through the conducting film/solution interface caused by the sinusoidal potential perturbation can be written as [26, 27] :
Therefore, the parameters K i and G i can be expressed from the partial derivative of the flux of exchanged species by:
where C i sol corresponds to the concentration of the specie i in the solution, C i max and C i min the maximum and minimum concentration of sites for insertion in the electroactive polymer, respectively. The k i and k i ′ parameters are the kinetics constants for direct and reverse insertion reaction, Eq. (3). These constants have a Butler-Volmer dependence on the potential:
where parameters b i and b i ′ are related with the number of electrons participating during the redox process and with the transfer coefficient β:
As a first approach, we can consider that β=0.5 and then,
In this case, the dependence of logG i on the applied potential proves to be symmetrical with respect to the formal potential E i
0′
. At steady state conditions, the dependence of G i parameters on the applied potential can be expressed by [39] :
where B i /2 =19.5 V −1 for a reversible process at 298 K considering Eq. (8) . G i max represents the maximum value for this parameter and corresponds to the potential E=E i 0′ . Accordingly, the insertion law for each participating species can be mathematically expressed by this model as: , and C i max can be estimated by the appropriate fitting of the dependence of these parameters on the applied potential. Moreover, the parameter d represents the film thickness and in most cases, it is often difficult to obtain a good estimation. Therefore, we can include the thickness in the K i parameter as K di =K i /d. Consequently, G i /K di is the insertion law in terms of surface concentration, dΓ i /dE:
where Γ i max is the maximum surface concentration of sites for insertion in the electroactive polymer.
On the basis of this model, the Faradaic impedance if we consider two different counterions can be written as [17, 30] :
This model has been previously tested in PB film immersed in KCl solutions and provided coherent results [16, 17] . Equation (12) can be rewritten as a charge/potential transfer function, Δq/ΔE(ω):
This expression is also valid for mass impedance and color impedance at a given wavelength by replacing the Faraday constant by δ Mi M i for the mass impedance and δ εi ε i for the color impedance at a given wavelength obtaining the impedance transfer functions for MIS (Δm/ΔE(ω)), and for CIS (ΔA λ /ΔE(ω)), respectively:
where M i represents the molar mass of the inserted or expelled species and ε i the electrochromic efficiency at a given wavelength λ. The parameters δ Mi and δ εi can only be 1 or −1. If the mass or the absorbance increases with the potential, it is positive and this value is negative if the opposite occurs. It is our interest to obtain quantitative information about these electrochemical processes from these experiments. For that purpose, we can fit experimental impedance data to Eqs. (13)- (15) corresponding to the theoretical insertion model for two counterions species. As an example, lines in Fig. 3 show the fittings to the experimental data for the EIS, MIS, and CIS for both wavelengths (690 and 900 nm) at 0.2 V. It should be noted that the shape of the loops is not perfectly reproduced. The experimental loops appear more flattened than the fitted-simulated loops. Therefore, we need at least two loops, but that is not the only reason of the non-ideal shape of loops and it will be discussed in the following.
In the case of MIS at some potentials, the low frequencies loop appears on the fourth quadrant and it means that the δ M changes from negative to positive values. In this case, a possible explanation is that the charge balance takes place by the participation of an anion or also that the exchange of cations is accompanied by the opposite flux of the solvent.
A deeper analysis is possible by examining the dependence on the stabilization potential of the parameters obtained from the fitting of experimental data to the model described by Eqs. (13)- (15) for two processes. Impedance measurements allow the responses due to the faster and slower processes to be separated by changing the frequency of the potential perturbation. Therefore, the responses will be seen as a slow process and a fast process. This difference is correlated to the time constant τ i obtained for each one of the processes in the four impedance functions analyzed. Figure 4 shows the variation of the time constant for the faster (a) and for the slower (b) processes. The fast process in all cases shows minimum time constants at potentials of about 0.2 V, while for the slower one, the minimum is at potentials of about 0.15 V. At these potentials, the Faradaic processes occur, thus the changes of mass and color are clearly related with Faradaic processes in the PB films. However, for the faster process and at 900 nm, a minimum of the time constant is obtained at potentials near 0.35 V (Fig. 4a) . At these potentials and in KCl solutions, a change of absorbance at 900 nm associated to the participation of H + as counterions has also been detected [10] . Therefore, this could be extrapolated to these experimental conditions.
The dependence of dΓ i /dE on the applied potential is plotted in Fig. 5 for the fast (a) and for the slow (b) processes. This variable is a measure of the contribution of each process to the overall response. For the fast process, we obtain maximum values for this parameter at different potentials. A possible explanation is that the overall response is not only due to a single process. It can be better understood if the response associated to the CIS at 690 and at 900 nm in Fig. 5a is carefully examined. Maximum values are obtained at different potentials. At potentials in the range of 0-0.15 V, there is no response at 690 nm, but a clear contribution appears at 900 nm. EIS, MIS, and CIS at 900 nm maximum are obtained at larger potentials than that of the CIS at 690 nm measurements. This can be due to the fact that at these potentials, there exists electrochemical processes associated to the ferrocyanide vacancies where the H 3 O + has been detected as a counterion [17] . This process does not involve color changes at 690 nm, and thus the contribution at this wavelength clearly decreases. Nevertheless, the mass does not change significantly between NH 4 + and H 3 O + . There is also an interesting MIS behavior for the slow process at potentials in the range of 0.15-0.2 V in Fig. 5b , where the low frequencies loop appears on the fourth quadrant. This may be explained by a second contribution on the opposite flux direction of that of the cations. This can be due to an anion participation as counterion and/or the flux of water molecules due to the exclusion effect associated to the insertionexpulsion of NH 4 + cation. From these results, it is not possible to discern between these two possibilities. However, studies of the role of inner water molecules on the electrochemistry of PB films have shown that an exchange of water molecules takes place at these potentials [8] .
We can estimate the molar mass of participating species from the values of M i G i /K di obtained from the low frequencies limit of Δm/ΔE, and the values of FG i /K di obtained from the low frequencies limit of Δq/ΔE for both processes. Similarly, the electrochromic efficiency ε i associated to each one of the electroactive processes are obtained by comparing Δq/ΔE and ΔA λ /ΔE. 
where z is the number of electrons involved per active center in the electrochemical process.
In the potential ranged from 0.1 to 0.2 V, the slowest process shows a very small associated molar mass of participating species (about 1 g mol −1 ) that can be attributed to an exchange of other species-probably water molecules-in the opposite direction of the ammonium flux [8, 40] . It is better observed in Fig. 6 where the crossed impedance functions FΔm/Δq at 0.15 V decrease from high to low frequencies, which is in good agreement with the hypothesis of a slow process in the opposite sense. Figure 3b shows also that the fitting of MIS experimental data to the proposed model needs a second loop on the fourth quadrant.
At other potentials, the molar mass associated to this process is close to the expected molar mass for the ammonium cation (18 g mol −1 ). For the fast process, a molar mass of about 18 g mol −1 is obtained in the full range of potentials.
If compared with the case of PB films in KCl solutions, it should be noted here that in NH 4 Cl solutions we cannot discern between the hydrated proton and the salt cation since the molar masses are very similar. In spite of this, the participation of both species is expected by analogy with results of PB films in KCl solutions [16, 17] . FΔA λ /Δq(ω) values at 690 and 900 nm are shown in Fig. 7a, b , respectively. The electrochromic efficiency at 900 nm estimated as FΔA 900 /Δq(ω) decreases with the applied potential obtaining the maximum value at potentials near 0.1 V, far from the redox potential of the PB⇄ES process. This indicates that the changes of absorbance at this wavelength are not associated to the main electrochemical process. This is not the case for the process at 690 nm, where the maximum of electrochromic efficiency is reached at potentials near the redox potential of the main process (0.25 V). At potentials slightly higher than the redox potential, the electrochromic efficiency quickly decreases at this wavelength and no color change at 690 nm is observed.
Conclusion
Acquisition of three impedances simultaneously allowed the valuable information on the electrochemical behavior of PB films in NH 4 Cl solutions to be obtained. The impedance responses appear as double loops and more flattened than that in KCl solutions. The voltammograms in NH 4 Cl solutions clearly show a smaller and a wider anodic peak. This behavior could be the reason of the non-ideal loops. Ammonium cations have shown a large affinity for PB films [19] which means that there is no extra difficulty for these cations to be inserted in the film. However, the expulsion can be more difficult. The size of NH 4 + and K + cations is not very different, but the chemical affinity of iron sites for ammonium or potassium ions can be very different. This causes an apparent nonreversibility of the redox behavior and results in the nonideal loops on the impedance plots.
In spite of the fact that two electrochemical processes (Eqs. (13)- (15)) were used to better fit the experimental data to our theoretical model, there is a point to be clarified here. The electrochemical response of PB films in KCl solutions has been described as the overlap of at least three different processes. Working at a fixed potential can mean that one of these three processes is far from taking place, and thus this contribution can be neglected. These responses have been separated as a fast and a slow process; the faster process is generally due to the main redox process, but the slower process is probably different when applied potential changes. Most likely for this reason, we obtain two peaks for the slower process.
If these results are compared with those obtained for the PB films in KCl solutions, we can also consider three different processes. The main process is associated to the backbone structure of the PB films, which is related to the exchange of ammonium cations and to the changes of absorbance at 690 nm. The second process occurs at slightly larger potentials and is associated to the exchange of H 3 O + or NH 4 + cations (it is not possible to discern between these possibilities since both cations have a similar molar mass). At these potentials, there is no color change at 690 nm and a slight change of color at 900 nm. This process has been associated to the electrochemistry of the ferrocyanide vacancies. The third process is associated to an electron transition in trapped sites Fe ls III −CN−Fe hs II . This process is well localized at potentials near 0.1 V where the maximum of electrochromic efficiency at 900 nm is reached.
The FΔm/Δq function shows clearly that at low frequencies, an opposite flux of solvent takes place at potentials between 0.15 and 0.20 V. This explains the appearance of a second loop on the fourth quadrant in the mass impedance measurement.
